Faster weight gain early in infancy may contribute to a greater risk of later obesity in formula-fed compared to breast-fed infants. One potential explanation for the difference in weight gain is higher macronutrient intake in formula-fed infants during the first weeks of life. A systematic review was conducted using Medline to assess the macronutrient and energy content plus volume of intake in breast-fed and formula-fed infants in early infancy. All studies from healthy, term, singleton infants reporting values for the composition of breast milk during the first month of life were included. The energy content of colostrum (mean, SEM: 53.6 ± 2.5 kcal/100 mL), transitional milk (57.7 ± 4.2 kcal/100 mL), and mature milk (65.2 ± 1.1 kcal/100 mL) was lower than conventional infant formula (67 kcal/100 mL) on all days analyzed. The protein concentration of colostrum (2.5 ± 0.2 g/100 mL) and transitional milk (1.7 ± 0.1 g/100 mL) was higher than formula (1.4 g/100 mL), while the protein content of mature milk (1.3 ± 0.1 g/100 mL) was slightly lower. Formula-fed infants consume a higher volume and more energy dense milk in early life leading to faster growth which could potentially program a greater risk of long-term obesity.
Introduction
Breastfeeding has a number of short-and long-term benefits for health, but the underlying mechanisms for its effects on long-term outcomes are uncertain. One of the most widely cited advantages of breastfeeding is a lower risk of longterm obesity [1] [2] [3] [4] and cardiovascular disease [5] [6] [7] , but whether these effects are due to sociobiological differences between infants breast-or formula-fed or to the nutritional composition and intake of breast milk remains controversial. Several mechanisms for the long-term advantages of breastfeeding have been proposed, but recently we suggested that these effects were a consequence of slower early growth in breast-fed compared to formula-fed infants-the growth acceleration hypothesis [6] .
More than twenty-five studies now support the hypothesis that faster weight gain (upward centile crossing for weight) in infancy influences, or programs, a greater risk of long-term obesity [8, 9] and cardiovascular disease [6, [8] [9] [10] . This association has been seen for obesity in adults and children, in high-income and low-income countries [8] [9] [10] and is consistent for cohorts over the last 80 years [8] . The "critical window" for the effects of growth is not known, but slower weight gain in the first few weeks (regardless of gestation or birth weight) is associated with a lower risk of later obesity [11, 12] , insulin resistance [13] , endothelial dysfunction [5] , and adult obesity [14] . Therefore, differences in weight gain between formula-and breast-fed infants in the first postnatal weeks, when breastfed babies often lose weight compared to weight gain in babies given formula [15, 16] , could partially explain longterm programming advantages of breastfeeding [6] .
The difference in early weight gain between formula-fed and breast-fed infants is likely to be related to differences Table 1 : Checklist for reporting systemic reviews, using the meta-analysis of observational studies in epidemiology [17] .
Background: definition of the problem (i) Limited information on the macronutrient and energy content of human breast milk during the first weeks of life (ii) Hypothesized infant formula may be too energy dense for infants during the first weeks of life Search strategy (i) Searched Medline database from inception until early 2011 (ii) Hand-search relevant journals and references from identified studies (iii) Contact authors if additional information was needed to complete meta-analysis above what was published * Inclusion and exclusion criteria (i) Study included if healthy, term, singleton infants reporting values during the first month of life were reported (ii) Breast milk and infant formula daily intake values analyzed were for either exclusively breast-fed or formula-fed infants, respectively (iii) Only studies which reported new data were included, and duplicate publications (e.g., in reviews) were excluded Methods (i) Only studies that used valid methods were included, but no formal assessment of quality of included studies was completed Results (i) Give results of individual studies (in tables) and group estimates (in tables and text) (ii) Essential details of methodology and sample for each study included (in tables) Discussion/conclusion (i) Give generalization of the conclusions (ii) Need for further research * All data was based on published studies with the exception of one dataset on intake of formula-fed infants [18] .
between formula and breast milk in both the composition and volume of intake of colostrum (days 1-5) and transitional breast milk (days [6] [7] [8] [9] [10] [11] [12] [13] [14] . In fact, in contrast to the composition of human milk which varies with the age of the infant, formula composition is constant and designed to meet the nutrient requirements for the whole of the first six to 12 months of life. However, while there has been extensive research on the nutritional composition of human milk, relatively few studies have focused on the composition and volume of intake during the first few weeks after birth. We therefore conducted a systematic review of the literature and meta-analysis of available data on the macronutrient content of human milk and the volume of milk intake in breast-fed and formula-fed infants in the first weeks of life. Such data could help our understanding of the possible mechanisms by which breastfeeding benefits long-term health and helps in the primary prevention of obesity and cardiovascular disease, and in the development of preventative strategies for obesity in formula-fed infants.
Methods

Search Strategy.
A literature search investigating the macronutrient and energy content of human milk and volume of milk intake in breast-fed and formula-fed infants in the first two weeks of life was conducted using the National Library of Medicine (MEDLINE). Additional studies were identified from a hand-search of relevant journals and a search of references from identified studies. Details of the search strategy used are shown in Table 1 . Since most published studies were observational, a meta-analysis was conducted as described by Stroup et al. [17] . This method was used previously to investigate metabolizable energy (ME) intake in older breast-fed infants [39] . All studies that reported breast milk energy and macronutrient concentration during the first month of life from mothers who were exclusively breastfeeding healthy, term, singleton infants were included. Only volumes of milk intake for either exclusively breast-fed or formula-fed infants were included in the analysis, only studies which reported original data were eligible, and duplicate publications (e.g., in reviews) were excluded. Studies only reporting graphical data were excluded, since estimating values from graphs would increase error in the meta-analysis. Energy and macronutrient values of breast milk were arbitrarily divided into three categories; colostrum (1-5 days), transitional milk (6-14 days), and mature milk (>14 days).
Studies were excluded if they used methods to analyze the macronutrient and energy content of breast milk previously shown to be invalid. For example, studies using nonspecific methods to analyze carbohydrates were not used since they may overestimate lactose concentration, compared to lactose-specific methods [40] . Also, since breast milk energy content varies due to both diurnal variation and variation between fore milk and hind milk [31] , only studies that used acceptable sampling methods (e.g., collecting a complete feed, a mid feed, or at the beginning and end of a feed) were included [19] .
Estimates of breast milk intake expressed as g/day were converted to mL/day using a correction for the density of human milk of 1.031 g/mL [49] . The meta-analysis values for gross energy content of breast milk were converted into metabolizable energy (ME) levels by multiplying the classic Atwater factors 4, 4, 9 kcal/g for carbohydrate, protein, lipid, respectively, and by assuming 93% of gross breast [39] . The conversion of breast milk gross energy values to metabolizable energy allows for a more direct comparison of formula and breast milk energy as labeling of infant formulas utilizes metabolizable energy.
Since triacylglycerols account for 98% of the lipids, data from studies reporting total triacylglycerols concentrations were analyzed as total lipid content [50] . The carbohydrate content of breast milk was taken as the total lactose content, since lactose is the main carbohydrate in breast milk. The oligosaccharides and other sugars were not included in the estimation of carbohydrate in human milk. The calculation of protein included nonprotein nitrogen which includes components such as free amino acids, urea, uric acid, and nucleotides as these components make up 20 to 25% of the total nitrogen in milk [51] .
Comprehensive Meta-Analysis, version 2 (Biostat, Inc., NJ, USA), was used to perform a meta-analysis of the macronutrient and energy content of breast milk and volume intake of both formula and breast milk by infants during the first weeks of life. Random effects models were used to calculate summary means and SEM for each of the parameters. All data reported from the individual studies are expressed as mean ± SEM.
Results
Macronutrients in Breast Milk
3.1.1. Lipids. Our literature search identified 25 potentially eligible papers. After screening these for eligibility, 20 studies were included with a total of 390, 257, and 567 breast milk samples available for analysis of colostrum, transitional milk, and mature milk, respectively. The mean lipid content of breast milk increased from 2.2 ± 0.2 g/100 mL (range 1.0 to 3.0 g/100 mL) in colostrum, to 3.0 ± 0.1 g/100 mL (range 2.5 to 3.8 g/100 mL) in transitional milk, and 3.8 ± 0.1 g/100 mL (range 2.8 to 4.9 g/100 mL) in mature milk (Table 2) . Lipid concentrations of both colostrum and transitional milk were lower than that commonly found in formula (3.7 g/100 mL) but similar to lipid concentrations in mature milk.
Carbohydrates.
Our literature search identified 30 potentially eligible papers. We identified 21 eligible studies with 265, 337, and 476 breast milk samples for analysis of colostrum, transitional milk, and mature milk, respectively. Average carbohydrate content of breast milk increased from 5.6 ± 0.6 g/100 mL (range 2.6 to 7.6 g/100 mL) in colostrum to 5.9 ± 0.4 g/100 mL (4.1 to 6.8 g/100 mL) in transitional milk and to 6.7 ± 0.2 g/100 mL (5.0 to 8.3 g/100 mL) in mature milk (Table 3 ). The carbohydrate content of human milk at all stages of lactation was less than that of formula (commonly 7.6 g/100 mL).
Protein.
We identified 29 potentially eligible papers, and 21 were included with a total of 433, 308, and 415 breast milk samples available for colostrum, transitional milk, and mature milk, respectively. Mean milk protein concentration declined with duration of lactation (Table 4 ) from 2.5 ± 0.2 g/100 mL (range 1.4 to 6.5 g/100 mL) in colostrum to 1.7 ± 0.1 g/100 mL (1.3 to 2.5 g/100 mL) in transitional milk and 1.3 ± 0.1 g/100 mL (0.8 to 2.1 g/100 mL) in mature milk. Protein concentration in colostrum and transitional milk was greater than commonly found in formula (1.4 g/100 mL), while the protein content of mature milk was slightly lower.
Intake of Breast Milk and Formula.
Our literature search identified 31 potentially eligible papers for breast milk intake. We screened these for eligibility, and 25 were included with a total of 148, 123, 109, 109, 139, 132, and 407 intake values for day 1, day 2, day 3, day 4, day 5, day 7, and >14 days, respectively. We identified 12 potentially eligible papers for infant formula intake, and 9 were included with a total of 157, 157, 129, 128, 128, 126, 188, and 136 formula intake values available for day 1, day 2, day 3, day 4, day 5, day 6, day 7, and >14 days, respectively. To ensure that values for breastmilk and formula intake were comparable between the two groups and to focus on early feeding, the upper age limit was established at 6 weeks. The range of intake was from 15 days to 6 weeks with the majority of the data at 1 month of age. Most studies measured the total volume of breast milk intake by weighing the infant before and after a breastfeed and taking the increase in infant weight as the weight of milk consumed by the infant. Although there was considerable variation in breast milk intakes during the first few days of life (Table 5) , breast milk intake tended to increase from 21.5 ± 4.2 mL/day on day 1 to 495.3 ± 33.4 mL/day on day 7 to 673.6 ± 29 mL/day after 14 days.
Formula intake is generally measured by weighing the bottle weight before and after a feed and taking into account any spillage during feeding. Few studies reported formula intake during the first week of life, and hence meta-analyses were performed only for days 1, 2, and after 14 days since there were three or more studies for each of these times. Infant formula intake increased from 170.5 ± 55.8 mL/day on day 1 to 265.0 ± 67.7 mL/day on day 2 and to 761.8 ± 18 mL/day after 14 days (Table 6 ) and was greater than the volume of breast milk intake on all days analyzed.
Energy Content of Breast Milk.
Of the 25 potentially eligible papers identified by our literature search, 22 met the entry criteria, and these had a total of 387, 155, and 1088 breast milk samples for colostrum, transitional milk, and mature milk, respectively. The energy content of colostrum (53.6 ± 2.5 kcal/100 mL), transitional milk (57.7 ± 4.2 kcal/100 mL), and mature milk (65.2 ± 1.1 kcal/100 mL) was less than that commonly found in formula (67 kcal/100 mL), shown in Table 7 .
Macronutrient Intake in Breast-Fed and Formula-Fed
Infants. The average volume of infant formula consumed was substantially higher than the volume of breast milk on all days analyzed. Due to the greater volume of milk intake by formula-fed infants and higher energy content of formula, (67 kcal/100 mL), average energy intake on the first day of life was 114 kcal/day in formula-fed infants compared to 12 kcal/day in breast-fed infants (a 9.5-fold difference). From day 14 up to 6 weeks of life, average energy intake in formulafed infants remained higher at 513 kcal/day compared to 440 kcal/day in the breast-fed infants (a 1.2-fold difference).
In addition, the greater volume of formula intake compared to breast milk intake led to an average protein intake on the first day to be 2.4 g in formula-fed infants compared to only 0.5 g in breast-fed infants (a 4.8-fold difference). By day 14, protein intake in formula-fed infants (10.7 g/day) was still slightly higher than that of breast-fed infants (8.8 g/day) (a 1.2-fold difference). A similar pattern of increased intake of carbohydrate and fat in the formula-fed infants compared to breast-fed infants was also observed.
Discussion
To our knowledge, this is the first meta-analysis of the macronutrient content of human milk which includes milk from early lactation. We found that, depending on number of days from birth, in the first two weeks of life, formula-fed infants have a 1.2-to 9.5-fold greater energy intake and a 1.2-to 4.8-fold greater protein intake than those breastfed. This difference is due to the higher energy and protein content of formula and a greater volume of intake which may contribute to greater weight gain in formula-fed compared to breastfed infants during early infancy. These data are therefore consistent with the hypothesis that formula-fed infants may be overfed early in infancy during a possible critical period of Journal of Nutrition and Metabolism 
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Reported as mean ± SEM.
All intakes were calculated using bottle weighing method. * Mature milk > 14 days and <6 weeks. 
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Reported as mean ± SEM. 1 Gross energy content of breast milk was converted into metabolizable energy (ME) levels by multiplying the classic Atwater factors 4, 4, 9 kcal/g for carbohydrate, protein, and lipid, respectively, and by assuming 93% of gross breast milk energy reported by bomb calorimetry methods is metabolizable. * Mature milk > 14 days and <6 weeks. * * Indicates value below current infant formula level 67.0 kcal/100 mL.
growth that may lead to programming of long-term obesity [6, [8] [9] [10] , and have implications for the optimal composition of infant formulas. Ideally, the energy content of formula should be equivalent to corresponding energy content of human milk at different stages of lactation. However, formula is designed to be appropriate for the first year of life and most commercially available products have an energy density of approximately 67 kcal/100 mL, far greater than the energy content of early breast milk. We found the metabolizable energy content of mature milk (65.2 kcal/100 mL) was also slightly lower than infant formula (67 kcal/100 mL) and within the range reported by Neville (60.1 kcal/100 mL to 77.6 kcal/100 mL) [82] . Similarly, in a review of 25 studies, Reilly et al. reported a mean ME of mature human milk as 63.9 kcal/100 mL [39] , while a doubly labeled water study demonstrated that the energy content of breast milk at five and 11 weeks was 57.4 kcal/100 mL and 59.8 kcal/100 mL, respectively [79] . Therefore, our findings suggest that formula-fed infants could have a higher energy intake in the first six months of life and could partially explain greater weight gain in infants given formula compared to breast milk.
Along with the increase in energy density at all stages of lactation, the volume of intake of formula-fed infants was greater than those breast fed on all days analyzed and in particular in the first days of life. There are several potential explanations for this. First, it is likely that milk supply is limited in the first 24-48 hours postpartum which was confirmed by this analysis. Breast-fed infants receive approximately 25 to 100 mL per day in the first two days of life. Second, mothers of formula-fed infants may encourage finishing of the bottle even though appetite has been satisfied, hence a greater volume of intake. The capacity of the stomach of the newborn is very small in the first two days of life and increases in volume capacity after three to four days of life [83] .
In support of this, in a pilot study designed to test the hypothesis that a higher nutrient intake in the first postnatal week may increase later obesity risk, infants fed a lower energy formula did not compensate by consuming more volume [18] . These results are similar to that reported by Fomon et al. who illustrated that between eight and 41 days of life the volume consumed was not different between a calorically dense (100 kcal/100 mL) or calorically dilute (54 kcal/mL) formula. This leads to a greater energy intake and rate of growth in the infants consuming a more concentrated formula [84] . It is evident that during the early weeks of life infants drink to volume, not to energy needs.
After this critical period, infants appear to regulate their volume of intake better during ad libitum feedings to meet caloric needs for growth. For instance, at about 6 weeks of age, infants fed either a calorically dilute (54 kcal/100 mL) or calorically dense (100 kcal/100 mL) formula modified their volume of intake so that energy intake was similar to that of infants fed a conventional formula (67 kcal/100 mL) [85] . Other studies provide support for this hypothesis. Small for gestation infants fed either a standard formula (65 kcal/100 mL) or calorically dense (87 kcal/mL) formula had similar intakes by two months of age [86] .
The ability of an older infant (after 41 days) to regulate intake based on growth needs was validated by the fact that the mean weight gain between the two groups (calorically dilute and dense) during the "caloric matching phase" was nearly identical, 24.6 ± 4.6 and 24.9 ± 5.3 g/day [84] . Interestingly, during the "early window" where infants consumed similar volumes, there was a significant difference in weight gain between infants fed calorically dilute or dense formula. Infants consuming a calorically dense formula had a mean weight gain 1.4-fold greater (29.8±4.9 versus 41±10.4 g/day, P < 0.01) than those consuming the dilute formula which may be explained by a greater gain in percentage fat. The overall weight gain between the two groups up to 112 days was significantly different (26.3 ± 3.8 versus 30.2 ± 5.8, P < 0.05) which appears to be due to the initial difference in the early feeding period window [84] . Therefore, infants in the first weeks of life do not seem to compensate for getting less energy dense milk by drinking more (i.e., during the early weeks of life they drink to volume, not to energy needs). Hence, making the energy content of formula closer to that of breast milk may help reduce rapid weight gain of formulafed infants in the critical window in the first weeks after birth.
In addition to differences in energy intake between breast-fed and formula-fed infants, protein intake varies considerably between the two groups. Protein concentration of human milk is highest during the initial, colostrum period because it contains large amounts of immunoglobulins and lactoferrin which gradually decline to relatively low levels in mature milk. However, despite this higher protein concentration, the greater volume of milk intake by formulafed infants means that formula-fed infants have up to a 5-fold higher protein intake in the first two weeks of life compared to those breast fed, a difference which is likely to contribute to faster weight gain in formula-fed compared to breast-fed infants [87] .
This faster weight gain in formula-fed infants compared to breast-fed infants is already evident in the first week of life. In two separate studies, healthy term breast-fed infants lost a mean 6.4% to 6.6% of birth weight before starting to gain weight compared to formula fed infants who only lost 3.5% to 3.7% [15, 16] . Breast-fed infants may not regain their birth weight by eight days of life; however, formula-fed infants generally exceed birth weight at eight days of age by 50-100 g [88, 89] .
Importantly, several observational studies have demonstrated that faster postnatal weight gain in infancy leads to increased childhood and adult overweight status [17, [90] [91] [92] [93] , hypertension risk [94] , and insulin resistance [91] . This has been shown across several different population groups including those of European [14] and Asian [94] decent. The critical window for these programming effects is not known, but recent experimental evidence [95] now supports observational data [14] suggesting that weight gain in the first week of life may be particularly influential for increasing the later risk of obesity. In a small pilot study, infants randomly assigned to receive a lower nutrient formula, designed to mimic the intake of the breast-fed infant for the first seven postnatal days, had lower weight and sum of skin-fold thicknesses at age six and 18 months than those given standard formula [95] . Nutrition and growth during a critical window in the first week of life could therefore influence the long-term risk of obesity.
Limitations of this meta-analysis include the relative heterogeneity of the studies used, the small sample size of several studies, and limited data from the first few days of life. A lack of stable isotope studies to measure the energy content of early breast milk, which are difficult to perform in the first weeks of life, is another key limitation. The measurement of breast milk volume (test weighing of infants) may be less accurate than measurement of formula intake. Despite these limitations, a consistent pattern of lower macronutrient intake in breast-fed babies is supported by the data demonstrating a slower rate of weight gain in breast-fed compared to formula-fed infants.
Breastfeeding is clearly the most optimal nutrition for an infant and has major advantages for health. Although clearly it is not possible to replicate these benefits in infant formula, research should continue to strive to mimic, as close as possible, the composition and intake of the breastfed infant to provide similar health benefits to infants who cannot be breastfed. This could possibly be achieved either by reducing energy and/or protein content of formula; or by reducing the volume of intake. Volume of formula intake is more difficult to manipulate safely and could lead to hypernatremia, hypoglycemia, unintended weight loss, and undue stress on the caregiver. Infants fed formula consume larger volumes than those breast fed in the early postnatal period. Therefore, a formula designed to achieve a growth rate similar to that of the breast-fed infant would need a lower protein and energy content than that in breast milk, to compensate for the higher volume of intake.
Here we demonstrate that the energy and macronutrient content of infant formula, as well as the volume of formula intake, may be increased compared to human milk. This difference, particularly in the first weeks of life, could contribute to a faster weight gain. This provides an opportunity to modify the energy content of current infant formulas to more closely match the intake of the breast-fed infant, a strategy that could help in the long-term prevention of obesity, metabolic disease, and cardiovascular disease.
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